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Thyroid hormone (TH) induces dramatic skeletal and tissue remodeling of the anuran head and body at metamorphosis. The
expression pattern of TH up-regulated genes has been correlated with tissues that either grow or resorb at metamorphosis.
Whereas the expression of the thyroid hormone receptors in Xenopus laevis tadpoles is ubiquitous, the locations where
many of the TH up-regulated genes are activated fall into distinct classes. Genes in the early response class are expressed
predominantly in cartilage and brain regions undergoing cell proliferation and at a higher level in the remodeling and
growing body than in the resorbing tail. In contrast, expression of genes in the delayed response class is highest in resorbing
tissues and higher in the tail than in the body within the subepidermal fibroblast layer, further indicating that this single
cell layer is involved in tissue resorption. The expression boundary of delayed response class genes in the subepidermal
fibroblasts in the body correlates with epidermal lamella invasion and subsequent adult skin differentiation. Differences in
the expression patterns of stromelysin-3 and the delayed response proteinases in the head delineate separate programs of
tissue resorption, one for the loss of epithelial structures, and one for the loss of cartilages. Expression of the type III
deiodinase is up-regulated in growing tissues nearing completion of their metamorphic changes, suggesting a role for the
deiodinase in modulating the influence of TH on these tissues. © 1998 Academic Press
Key Words: metamorphosis; thyroid hormone; Xenopus laevis.
INTRODUCTION
Amphibian metamorphosis involves the coordination of
multiple cell fate programs regulating tissue growth and
resorption throughout the entire animal (Dodd and Dodd,
1976). These metamorphic changes are controlled by rising
levels of thyroid hormone (TH) (Dodd and Dodd, 1976). We
are studying how a single small molecule, TH, can regulate
dramatically opposing cell fates during metamorphosis by
analyzing genes that are transcriptionally regulated by TH
(Wang and Brown, 1993). Previously we reported the isola-
tion by subtractive hybridization (Wang and Brown, 1991)
and the identification by sequencing (Brown et al., 1996) of
almost half of the 35 genes that are estimated to be
up-regulated during tail resorption.
In the accompanying paper, we detail the localization of
the TH up-regulated genes in the resorbing tadpole tail of
Xenopus laevis (Berry et al., 1998). Although the thyroid
hormone receptors (TRa and TRb) and their heterodimeric
partners (the retinoid X receptors, RXRs) are expressed in all
cell types of the tadpole tail, many (but not all) of the TH
up-regulated genes fall into distinct expression pattern
groups. Genes in the delayed response class respond to TH
in the second 24 h of TH induction and include the
proteolytic enzymes collagenase-3 and fibroblast activation
protein a (FAP), and the extracellular matrix (ECM) compo-
nent integrin a-1. In the tail, genes in the delayed response
class are expressed in fibroblasts that surround and invade
structures such as the notochord that are removed from
both the body and the tail, implicating these genes in tissue
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resorption. A type III deiodinase that degrades TH (St.
Germain et al., 1994) is expressed initially in the same
fibroblasts as the delayed response gene class but then
down-regulated immediately before the delayed TH re-
sponse genes are activated, suggesting a role for the deiodi-
nase in modulating a cell’s response to TH. Expression of
the only early response gene encoding a proteolytic enzyme,
stromelysin-3, correlates with tail fin resorption. A class of
early response genes is expressed in almost identical pat-
terns and includes the transcription factors xBTEB, FRA-2,
TH/bZip, and the novel genes 12 and 16. These genes are
expressed widely in the tail, but at greatest levels within
tissues such as the spinal cord that begin to proliferate and
remodel in the tail during resorption. However, since all
cells in the tail have a single ultimate fate, namely cell
death and resorption, a better understanding of the poten-
tial roles of these TH-regulated genes has been sought by
analyzing their expression in tissues of the body with
diverse cell fates. Even though these genes were identified
from tails that were induced by TH to resorb, the majority
also are up-regulated in the body, and in some cases to even
higher levels than in the tail.
Within the tadpole head, practically all tissues, including
cartilage, epithelial, nervous, and connective tissues, un-
dergo dramatic remodeling as the animal converts from an
herbivorous aquatic tadpole to a carnivorous air-breathing
adult frog (Dodd and Dodd, 1976). Skull remodeling is
extensive and involves practically every structural compo-
nent in the head (Sedra and Michael, 1957; Trueb and
Hanken, 1992). In this paper, we focus on the lower jaw
(Meckel’s cartilage) and the larynx as extreme examples of
cartilage cell growth and proliferation, on the branchial
arches as an example of cartilage resorption, and on the
ceratohyals as an example of cartilage remodeling. Devel-
opment of the adult lower jaw, or mandible, involves rapid
cell proliferation resulting in the elongation of Meckel’s
cartilage to almost double its larval length, fusion of the
infrarostral cartilage to Meckel’s cartilage, followed by the
formation of dermal bones around Meckel’s cartilage (Trueb
and Hanken, 1992). In X. laevis, proliferation of cells within
Meckel’s cartilage begins approximately at Nieuwkoop and
Faber (1956) stage 60 and is completed by stage 64, while
ossification begins at stage 59 and is not completed until
months after metamorphosis (Fig. 1; Thomson, 1987; Sedra
and Michael, 1957; Trueb and Hanken, 1992). Robertson
and Kelly (1996) have observed that the androgen-induced
differentiation of the larynx into the adult masculine or
feminine form requires metamorphic exposure to TH that
results in dramatic cell proliferation in both its cartilage
and muscle tissues (Cohen and Kelly, 1996). The change
from aquatic to terrestrial respiration involves resorption of
the gills and branchial arches (Dodd and Dodd, 1976).
Resorption of the branchial arches begins at stage 60 and is
completed by stage 63, just preceding resorption of the
tadpole tail (Fig. 1; Nieuwkoop and Faber, 1956).
In contrast to the above cartilages, the ceratohyal carti-
lage exhibits a combination of cell responses to TH. At
metamorphic climax, the cells of the ceratohyals undergo
rapid proliferation to expand their thick rectangular bars
along their length. Subsequently the bars are narrowed
along their width to form a thin string-like adult element
(Fig. 1; Sedra and Michael, 1957).
In addition to changes in the skull cartilages, numerous soft
tissues proliferate or resorb in response to TH. Clear examples
are seen in the rapid proliferation of cells within the brain and
spinal cord (reviewed by Kollros, 1981) and the resorption of
the pharyngobranchial tract that lies between the branchial
arches (Weisz, 1945). The pharyngobranchial tract is a larval
epithelial structure designed to collect suspended food par-
ticles from the water for the herbivorous tadpole (Weisz, 1945)
and is resorbed as the tadpole transforms into a carnivorous
adult frog (Dodd and Dodd, 1976). Numerous other soft tissues
undergo significant remodeling including the larval epidermis
and muscle which are entirely replaced at metamorphosis by
their adult counterparts (Furlow et al., 1997; Nishikawa and
Hayashi, 1994 and 1995). This remodeling involves cell death
of the larval epidermis and muscle concurrent with cell
proliferation in the forming adult tissues (Furlow et al., 1997;
Nishikawa and Hayashi, 1994 and 1995).
In this paper, expression of the tail TH up-regulated genes
is localized in tissues of diverse cell fates to compare their
expression in the proliferating versus resorbing structures
described above. Expression analysis in the head supports
the results from the tail, that genes in the early response
gene class are involved predominantly in remodeling and
growth while genes in the delayed response gene class are
involved in tissue resorption.
MATERIALS AND METHODS
Animals. Albino or wildtype X. laevis tadpoles were either
raised from in vitro fertilized eggs or purchased from Xenopus I
(Ann Arbor, MI). Tadpoles were reared, staged, and treated as
described previously (Berry et al., 1998). Stage 61 (Nieuwkoop and
Faber, 1956) tadpoles were used for most experiments.
Histology. Whole mount tadpoles were stained with alizarin
red and Alcian blue as described by Klymkowsky and Hanken
(1991) with the following modifications: Tadpoles were fixed in
10% neutral buffered Formalin for 2 days at room temperature,
eviscerated and skinned, rinsed in water, and dehydrated through
graded alcohols. Prior to alizarin red staining, tissues were bleached
in 0.3% H2O2 in 0.5% KOH for 1 day at room temperature.
For histology sections, tissues were collected and fixed in
Bouin’s fixative overnight. Tissues were dehydrated through alco-
hols, cleared in xylenes, and infiltrated and mounted in paraplast.
Eight-micrometer sections were cut on a rotary microtome, and
stained with Hall–Brunt quadruple connective tissue stain (HBQ)
as described previously (Hall, 1986).
In situ hybridization. Probes were prepared and used as de-
scribed previously (Berry et al., 1998). For Fig. 5, in situ hybridiza-
tion was performed as described previously (Berry et al., 1998) with
stage 61/62 planar sections that span the body and tail (see Fig. 5A
for a representative full-length section). For in situ’s of head
morphology, preparation of the tissues had to be adjusted and the in
situ protocol modified. For Figs. 2–4, and 6–8, tissues were
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collected and immediately frozen in OCT (Tissue Tek) in dry
ice/ethanol. Sections were cut at 12 mm on a cryostat at 220°C,
placed on “Superfrost”-pretreated slides (VWR) and air-dried for 5
min before use. Slides were immediately postfixed in 4% parafor-
maldehyde, washed in PBS, and treated with acetic anhydride in
triethanolamine. Slides were hybridized and posttreated as de-
scribed previously (Berry et al., 1998). For Figs. 1F, 2 to 3 (images of
Meckel’s and branchial arches only), and 7 to 8, planar sections
spanning from the mouth to the gut were taken from the ventral
half of the tadpole head to observe both Meckel’s cartilage and the
branchial arches within a single section. For Figs. 3 (images of
larynx only), 4, and 6, cross sections were cut in the region just
posterior to the eye. Specificity of in situ signals was confirmed for
all genes either by absence of staining in sense control slides or by
absence of antisense staining in premetamorphic animals, or both
(data not shown). Images were captured on a ProgRes 3012 scanning
digital camera (Kontron Elektronik) from a Zeiss Axioplan micro-
scope or from a SV11 dissecting microscope.
BrdU labeling and detection. 5-Bromo-2’-deoxyuridine (BrdU)
labeling and detection methods were based on the protocol by Gaze
and Grant (1992) and were performed as described previously (Berry et
al., 1998) except that prior to mounting in OCT; head tissues were
slowly infiltrated with increasing graded concentrations of OCT in
SPB (SPB 5 0.6 M sodium phosphate (pH 7.4) 1 0.15 mM CaCl2 1 3%
sucrose) 1 27% sucrose over a 48-h period. Tissues were quick frozen
in OCT in dry ice/ethanol, and BrdU was detected.
In situ hybridization/BrdU double labeling. Tadpoles were
injected with BrdU as above and then tissues were collected and
immediately frozen in OCT in dry ice/ethanol. In situ hybridiza-
tion was carried out as described above. After the in situ signal had
developed, the reaction was stopped in water and then BrdU
detection was performed as described previously (Berry et al., 1998).
RESULTS
The extensive morphological changes that occur during
anuran skull remodeling are demonstrated in whole mount
tadpoles stained with alizarin red and Alcian blue to label
bone red and cartilage blue (Figs. 1A–1E). Growth of Meck-
FIG. 1. Metamorphic changes in the anuran skeleton. (A–E) Whole mount animals stained with alizarin red and Alcian blue. (A) Stage 56,
(B) stage 61, (C) stage 62, (D) stage 63, (E) stage 66. (F) Planar section of stage 61 tadpole head stained with Hall–Brunt connective tissue stain.
In all images, cartilage is stained blue, while bone is stained red. Arrows point to Meckel’s cartilage, filled triangles point to the branchial
arches, and unfilled triangles point to the ceratohyals. Scale bars, 1 mm.
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el’s cartilage begins at stage 60 and proceeds through stage
63, by which time the cartilage has almost doubled in
length. Resorption of the expansive branchial arches begins
at stage 60 and is completed by stage 63.
In situ hybridization has been performed on planar sec-
tions of the head to visualize both Meckel’s cartilage and
the branchial arches in the same section. All genes de-
scribed here were analyzed in planar sections from stages 60
to 63; the majority of the TH-response genes are maximally
up-regulated at stages 61 and 62, when the tissues are
undergoing their greatest morphological changes (Nieuwk-
oop and Faber, 1956). Table 1 summarizes the expression of
the TH up-regulated genes in the head at stage 61.
The expression of both TRa and TRb and their het-
erodimeric partners (RXRa and RXRb) is ubiquitous
throughout Meckel’s cartilage and the branchial arches
suggesting that both proliferating and resorbing cartilages
have the capacity to respond cell autonomously to the
rising levels of TH (Fig. 2 and Table 1). In contrast to their
expression in the tail (Berry et al., 1998), the two TR
isoforms are not localized to tissues of any particular
developmental fate. Despite the ubiquitous expression of
the TRs, expression of many of the TH-response genes is
restricted to cartilages of specific developmental fates.
Genes of the Early Response Class Are Expressed
in Proliferating Cell Types
The early response gene class, which includes the tran-
scription factors xBTEB, FRA-2, and TH/bZip and the no
open reading frame (ORF) gene, gene 12, falls into two
categories of expression in remodeling Xenopus tissues.
(Gene 16 expression was undetectable in the head by in situ
hybridization.) All four genes are up-regulated throughout
Meckel’s cartilage and the larynx by stage 61, during the
phase of rapid cell proliferation in those cartilages (Fig. 3).
While similar levels of FRA-2 expression were detected
both in Meckel’s cartilage and in the branchial arches
(Table 1), we detect little to no expression of xBTEB,
TH/bZip, and gene 12 in the nonproliferating, resorbing
branchial arches (Fig. 3). Thus gene 12, xBTEB, and TH/
bZip expression is found in cartilages that proliferate, but
not in resorbing ones. Similarly, in the rapidly proliferating
brain, expression of xBTEB, FRA-2, TH/bZip, and highest
expression of gene 12 are localized to regions undergoing
cell division as detected by BrdU labeling (Fig. 4). These four
early response genes also are up-regulated at greatest levels
in the proliferating dorsal and ventral margins of the retina
(Marsh-Armstrong, unpublished observations).
Expression of this class of early response genes in the tail
is localized predominantly to tissues types that begin to
proliferate and remodel in the tail, such as epidermis,
muscle precursors, and spinal cord (Berry et al., 1998).
Nishikawa et al. (1992) and Nishikawa and Hayashi (1994,
1995) have shown that terminally differentiated proteins for
both adult muscle and epidermis appear in the tadpole in an
anterior to posterior gradient (high expression in body, low
expression in tail). Similarly, TH/bZip and gene 12 (and to
a lesser extent xBTEB and FRA-2) are also expressed at
higher levels in the body than in the tail (Figs. 5A–5E and
TABLE 1
A Summary of the Localization of TH Up-Regulated Genes in the Head at Stage 61 as Determined by in Situ Hybridization
Gene number Gene product Meckel’s cartilage Branchial arches Body Tail
1 xBTEB 11 1 11 1
7 FRA-2 11 11 11 1
8/9 TH/bZip 11 1 111 1
12 No ORF 111 2 111 1
TR-a 11 11 11 1
6 TR-b 1 1 11 1
RXR-a 11 11 ND ND
RXR-b 1 1 ND ND
4 Integrin a-1 2 111 11 11
11 Collagenase-3 2 1111 111 1111
13 FAP 2 111 11 111
14 Stromelysin-3 2 1 11 11
15 Deiodinase 1 2 11 11
B MAM 2 1 1111 1111
C Fibronectin 111 1111 1111 1111
D Peptidase E 2 1 1 1
Note. A plus or minus sign indicates that the gene has or has not been detected in that cell type, respectively. The number of plus signs
corresponds to the intensity of staining ND, not determined. Expression of genes within Meckel’s cartilage and the branchial arches were
compared within the same tissue section. Similarly, expression in the body versus the tail was compared within a single tissue section and
the levels of expression where noted at the location of the boxes shown in Fig. 5A. The gene number refers to the original name given to
each gene (Wang and Brown, 1993) and the gene product refers to the product encoded by each gene (Brown et al., 1996).
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Table 1), extending the correlation between the expression
of these early response genes and growth and adult tissue
formation.
Genes of the Delayed Response Class Are
Expressed within Resorbing Tissues
Expression of the early and delayed response genes local-
izes to tissues of different developmental fates (Fig. 3) and
shows opposite gradients of expression across the body and
tail (Fig. 5). The implication is that the early response class
transcription factors, including xBTEB, TH/bZip, and per-
haps FRA-2, are not involved in up-regulating the genes of
the delayed response class.
The expression pattern of genes in the delayed response
class, which includes collagenase-3 (shown in Fig. 3), FAP,
and integrin a-1, colocalizes in the head as it does in the tail
(Table 1 and Berry et al., 1998). Fibronectin, another delayed
TH up-regulated gene encoding an ECM component, has an
expression pattern distinct from integrin a-1 in the head as
it does in the tail (Table 1 and Berry et al., 1998). Expression
of genes in the delayed response class is invariably within
cells that are destined to be resorbed, including the
branchial arches (Fig. 3I), the anterior floor of the brain case
(Fig. 4D), and tentacles (data not shown). They are not
expressed in the proliferating Meckel’s cartilage, larynx, or
brain (Figs. 3 and 4). Unlike the tail, head cartilage does not
exhibit a population of proteinase-expressing fibroblasts
that surround and invade their neighboring tissues. Up-
regulation of the proteinases occurs simultaneously within
all cartilage cells, suggesting that resorption takes place
throughout the cartilage at once.
Previously we implicated the subepidermal fibroblasts in
tail resorption (Berry et al., 1998). In planar sections the
expression of proteinases is higher in the subepidermal
fibroblasts of the tail than of the body (compare Figs. 5F and
5G). In contrast, the notochord, which is resorbed from both
the body and the tail, expresses the proteinases uniformly
along its length (Figs. 5H and 5I). During climax stages, the
delayed gene mRNA gradient in the subepidermal fibro-
blasts extends into the body only to the point at which the
collagen lamella is currently being invaded, just preceding
conversion of the epidermis to its adult form (Fig. 5F).
Stromelysin-3 and the Delayed Response Gene
Class Form Two Separate Programs of Tissue
Resorption
In contrast to the high expression of collagenase-3,
stromelysin-3 is expressed at low to undetectable levels
within the large cartilaginous structures of the head such as
the branchial arches and the anterior floor of the brain case
(Fig. 6) and in the notochord (Berry et al., 1998). Conversely,
stromelysin-3 is highly up-regulated in cells of the resorb-
ing epithelial pharyngobranchial tract which do not express
collagenase-3 (Fig. 6). Over the entire tadpole, stromelysin-3
FIG. 2. Ubiquitous expression of the TRs in Meckel’s cartilage and in the branchial arches. In situ hybridization of TRa (A, C) and TRb
(B, D) digoxigenin-labeled antisense riboprobes in stage 61 planar head sections. (A, B) Arrows point to Meckel’s cartilage. (C, D) Branchial
arches. Scale bar, 100 mm.
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is predominantly expressed within or surrounding epithe-
lial and connective tissues (Fig. 6; Berry et al., 1998;
Ishizuya-Oka et al., 1996).
Deiodinase Expression Modulates a Tissue’s
Response to TH
In X. laevis, the type III iodothyronine 5-deiodinase has a
basal expression level throughout prometamorphosis in the
tail, but not in tissues that will grow and differentiate such
as Meckel’s cartilage (Fig. 7) and the limb (Wang and Brown,
1993). As deiodinase levels are down-regulated in the tail,
deiodinase mRNA is concurrently up-regulated in Meckel’s
cartilage (Fig. 7). Temporally, the up-regulation of deiodi-
nase in Meckel’s cartilage occurs just prior to the end of
proliferation in Meckel’s, similar to the up-regulation of
deiodinase in late limb development (Wang and Brown,
1993). The high level of expression of the early response
genes in Meckel’s is down-regulated beginning at late stage
62 (data not shown), while deiodinase levels are rapidly
increasing (Fig. 7). In the periventricular regions of the
brain, the TH up-regulated genes are only expressed in areas
of low deiodinase expression and are excluded in areas of
high deiodinase expression (Fig. 4).
Gene Expression Patterns Define Development
of Ceratohyal Cartilage
Morphological analysis concurrent with in situ analysis
of the TH response genes provides insights into the mecha-
FIG. 3. Localization of proliferation and expression of early and delayed response genes in cartilages. (A–C) BrdU labeling of proliferative
cells. In situ hybridization of antisense probes of (D–F) gene 12 and (G–I) collagenase-3 at stage 61. (A, D, G) Meckel’s cartilage planar
section. (B, E, H) Larynx cross section. (C, F, I) Branchial arches planar section. Scale bars, 100 mm. Images were taken with Nomarski optics.
Arrows point to Meckel’s cartilage.
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nism of morphological change within the ceratohyal carti-
lage. The thick rectangular bars of the ceratohyal initially
undergo rapid lengthening from stages 60 to 62 (Fig. 1 and
Sedra and Michael, 1957). Late in stage 61, when the
ceratohyal has almost reached its adult proportions, Sedra
and Michael (1957) have observed “eroding” of the medial
borders of the ceratohyal as the wide bands of cartilage
remodel into their thin string-like adult shape. At this
stage, we detect high levels of expression of collagenase-3
mRNA that dramatically outline the borders of the cerato-
hyal, but not within the cartilage (Fig. 8A), suggesting that
the shaping and thinning of the ceratohyal is due to carti-
lage resorption along its periphery. Concurrently we detect
up-regulation of deiodinase mRNA within the centers of
the ceratohyal, but not along the borders (Fig. 8B). This
deiodinase expression could prevent up-regulation of
collagenase-3 and subsequent cartilage resorption in this
region, helping to shape the adult structure.
DISCUSSION
Separate Growth and Resorption Programs
From resorbing tadpole tails, we have identified a group of
17 genes which are up-regulated during spontaneous meta-
morphosis and can be induced by exogenous TH. All but
one of these genes (gene 5) are regulated also in the head and
the body, in some cases even more dramatically than they
are in the tail. Results of the in situ analyses predict
functional roles for many of the TH response genes (sum-
marized in Fig. 9). The non-random distribution of their
expression patterns in the tail (Berry et al., 1998), a tissue
FIG. 5. Planar sections over the junction of body and tail at stage 61/62. In situ hybridization of antisense probes of (A) TH/bZip, (B, C)
gene 12, (D, E) xBTEB, and (F–I) FAP. (A) Composite of multiple low-magnification images showing entire planar section from the body into
the tail. Scale bar, 500 mm. Boxes in A indicate the region from which the higher-magnification images in B–I were taken. (B–G) Epidermis
(Ep), epidermal collagen lamella (ECL), subepidermal fibroblasts (SEF), and muscle (M). (H, I) Notochord (NC) and notochord sheath (NcS).
Images on the left (B, D, F, H) are body tissue while tissues on the right (C, E, G, I) are tail tissues. All images are oriented with anterior
to the left and posterior to the right. Scale bar in B–I, 100 mm.
FIG. 4. Localization of proliferation and expression of early and delayed response genes within the brain. Stage 61 brain cross sections
double labeled with BrdU and by in situ hybridization with the following antisense probes: (A) TH/bZip, (B, E) gene 12, (C, F) deiodinase,
and (D) collagenase-3. (A–C) Ventricular layer in the mesencephalon. (D–F) Pituitary and underlying anterior floor of brain case. Scale bar,
100 mm and images were taken with Nomarski optics.
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that has a single ultimate fate of death and resorption,
suggested that they are involved in more than one develop-
mental program. This has been confirmed by in situ local-
ization of these genes in various tissues of the head and
body that have very different fates. Although the genes
described here were isolated from tadpole tails, almost
one-quarter of the genes, those in the early response gene
class, are most actively expressed in cells and tissues that
will remodel. Expression of genes in the early response gene
class correlates with proliferation in multiple tissue types
of the head and body including cartilage, brain, spinal cord,
epidermis, and muscle, indicating a consistent and repro-
ducible role for these genes in growth and proliferation
throughout the entire tadpole (Figs. 3–5). These findings
suggest that the transcription factors xBTEB, TH/bZip, and
likely FRA-2 are part of a cascade of gene expression
induced by TH that leads to growth and differentiation.
In contrast to the early response class, genes in the
delayed response class are expressed in tail fibroblasts and
in head cartilages that will resorb and have the appropriate
kinetics and cell distribution to implicate them in tissue
resorption. Multiple planar and cross sections through the
head, body, and tail have localized collagenase-3, FAP and
integrin a-1 to the majority of resorbing tissues of the
metamorphosing tadpole (Figs. 3–6 and 8 and Berry et al.,
1998). This extensive localization of these genes to resorb-
ing tissues suggests that they comprise a major program of
tissue resorption throughout the animal, one that removes
large collagenous and cartilage structures including the
notochord lamella, the branchial arches, the anterior floor
of the braincase, and the tentacle.
Continuous cell layers that bridge the body–tail junction
are especially revealing. The delayed genes are actively and
equally expressed in the body and tail along the entire
length of the notochord which is resorbed throughout the
length of the tadpole (Figs. 5H and 5I). At the same instance,
the delayed genes are activated to greater levels in the
subepidermal fibroblasts in the tail, while only at lower
levels in the body up to the point in the body where the
epidermis is undergoing conversion from larval to adult
form (Figs. 5F and 5G). A key event in skin differentiation
during metamorphosis is the interaction between the der-
mis and epidermis which is restricted during tadpole life by
the presence of the epidermal collagen lamella (Kemp,
1963). Adult epidermal differentiation is directly preceded
by the invasion of proteolytic enzyme-expressing subepi-
dermal fibroblasts into the lamella (Fig. 5F). In an EM study
of TH-induced epidermal metamorphosis, Kemp (1963) de-
scribed the active invasion of “mesenchymal fibroblasts”
(called here subepidermal fibroblasts) all the way through
the epidermal lamella in order to establish the stratum
spongiosum and the subsequent adult basement membrane.
The proteinases are expressed in the subepidermal fibro-
blasts of the body, but only where the collagen lamella is
FIG. 6. Distinct expression patterns of collagenase-3 (A–C) and stromelysin-3 (D–F) in the pharyngo-branchial tract . In situ hybridization
of antisense probes in stage 61 head cross sections. (A, D) Pharyngobranchial tract (PBT) and branchial arches (BA). (B, E) Branchial arches.
(C, F) Anterior floor of the braincase (BC) and the pharyngobranchial tract. Scale bars, 100 mm.
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still intact and the epidermis has not differentiated. Migra-
tion of the proteinase expressing subepidermal fibroblasts
through the epidermal lamella allows the dermal and epi-
dermal contact necessary for adult epidermal differentia-
tion (Kemp, 1963). Once this invasion has occurred, epider-
mal differentiation proceeds and expression of the
proteinases is down-regulated in the body (Fig. 5F).
In situ analysis further defines two independent protein-
ase programs, one marked by expression of the delayed
response proteinases within resorbing cartilages and in
FIG. 7. Increasing deiodinase mRNA expression in Meckel’s cartilage during metamorphosis. In situ hybridization of planar head sections
hybridized with deiodinase antisense probes. (A) Stage 59, (B) stage 61, (C) stage 62, (D) stage 63. Scale bar, 100 mm.
FIG. 8. Expression of genes within and surrounding the metamorphosing ceratohyals. In situ hybridization of stage 61 planar sections with
the following antisense probes: (A) Collagenase-3, scale bar, 1 mm; and (B) deiodinase, scale bar,100 mm. (A) Low-power image of entire cross
section: letter and box indicate the location from which image in B was taken.
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fibroblasts described above, and a second, early response
proteinase program defined by expression of stromelysin-3
in and surrounding resorbing epithelial and connective
tissues. Stromelysin-3 has been implicated previously in
epithelial and connective tissue resorption in murine tail,
snout, and limb development (Lefebvre et al., 1995), in the
involuting mammary gland (Lefebvre et al., 1992), and in
the tadpole intestine (Patterton et al., 1995). In situ analysis
has localized stromelysin-3 expression in the tadpole
within and surrounding the connective tissue of the tail fins
(Berry et al., 1998) and to the epithelial pharyngobranchial
tract (Fig. 6), further implicating its function in epithelial
and connective tissue resorption.
The two proteinase programs are expressed in resorbing
tissues throughout the entire tadpole, suggesting their
widespread involvement in tissue resorption during meta-
morphosis. Yet their expression boundaries over the tadpole
are distinct. Even within a single structure, the pharyngo-
branchial tract, stromelysin-3 and collagenase-3 have sepa-
rate expression localization patterns; stromelysin-3 is up-
regulated in cells throughout the tract, while collagenase-
3-expressing cells surround the tract (Fig. 6). In the tail,
collagenase-3 is highly up-regulated in the notochord and
notochord sheath, while stromelysin-3 is up-regulated to far
greater levels in the tail fins (Berry et al., 1998). Conversely,
in the tadpole intestine stromelysin-3 is highly up-
regulated, while collagenase-3 is not expressed (Wang and
Brown, 1993). This expression analysis delineates collagenase-3
and stromelysin-3 into separate tissue-specific resorption
programs.
Modulation of Metamorphosis by Deiodinase
and TR Concentrations
The type III deiodinase converts the active TH molecule,
T3, into an inactive T2 molecule by cleaving iodine from
the inner ring (St. Germain et al., 1994). Becker et al. (1997)
previously suggested a role for the type III deiodinase in
regulating local TH levels in individual tissues in Rana
catesbeiana. In their studies, however, expression of the
type III deiodinase correlated with the timing of greatest
metamorphic changes. In X. laevis, expression of the deio-
dinase correlates with a tissue having a reduced response to
TH, and it is expressed prior to a tissue’s metamorphic
change (as in the tail, Berry et al., 1998) or just preceding the
completion of a tissue’s response to TH (as in Meckel’s
cartilage, Fig. 7, and the limb, Wang and Brown, 1993). For
instance, up-regulation of the deiodinase in Meckel’s carti-
lage and in limb when they have completed proliferation
and growth could make these organs resistant to further
influence of TH. Therefore high deiodinase levels correlate
with reduced response to TH manifested as reduced prolif-
eration and up-regulation of TH response genes.
The tail has high deiodinase activity compared to the
body (St. Germain et al., 1994). In the tail, expression of the
deiodinase could lower the circulating TH levels locally,
delaying the tail’s response to the rising TH levels until
metamorphic climax. Resistance to cycloheximide inhibi-
tion demonstrates that genes in the early class that corre-
late with proliferation respond directly to TH (Wang and
Brown, 1993) and two of these genes have been shown to
bind the TRs via consensus thyroid hormone response
elements (Furlow and Brown, manuscript in preparation).
Eliceiri and Brown (1994) have shown that the constitutive
levels of TRa mRNA and protein as well as the final
TH-induced amounts of TRb are higher in the head and
body than in the tail throughout metamorphosis. Low TR
levels in the tail compared to high TR levels in the body
could lead to the body–tail gradient of early TH response
gene expression. Along with the increasing concentration of
TH that occurs throughout prometamorphosis (Leloup and
Buscalia, 1977), the levels of deiodinase and TRs might
account for the sequential rather than synchronous changes
that characterize the orderly process of metamorphosis.
The Body–Tail Demarcation
A dramatic difference in gene expression between the
tadpole body and tail was observed in developing muscle
(Nishikawa and Hayashi, 1994) and in epidermis (Nish-
ikawa et al., 1992; Furlow et al., 1997). Up to metamorphic
climax, adult keratin is expressed in the head and body right
up to the junction between body and tail (Furlow et al.,
1997). As the tail is about to resorb, expression of adult
keratin begins in the tail and is increasing even as the tail
resorbs (Furlow et al., 1997). This attempt at growth shows
that even an organ that is destined to die has cell types that
can grow and differentiate. The genes whose expression
correlate with cell growth are expressed at a higher level in
FIG. 9. Proposed function of many of the genes that have been
identified to date in metamorphosis. The in situ hybridization
results in this and the accompanying paper (Berry et al., 1998) and
the abundance and kinetics of mRNA appearance (Wang and
Brown, 1993) suggest a broad functional grouping for some of the
TH up-regulated genes. This in situ analysis has delineated many of
the TH-responsive genes into programs of cell growth versus cell
death and further has defined multiple distinct tissues resorption
programs. The type III deiodinase, TR, and TH levels together
modulate the orderly events of spontaneous metamorphosis.
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the head and body than in the tail and the reverse is true for
genes whose expression correlate with cell death (Fig. 5).
Thus, cell survival in the body versus resorption in the tail
may be decided simply by the balance between up-
regulation of cell growth and cell death programs.
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